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\ *  ABSTRACT

Several of the more intense emission lines from the argon
ion laser fall within the blue-green “transmission window” of
sea water, Although relatively modest cw power and efficiency
are obtained from argon ion lasers of practical laboratory size,
the medium itself has an unusually high gain-bandwidth product
when compared to other known gas laser systems. Consequently,
it is possible in principle to obtain relatively high peak power
pulses at high repetition frequencies from cw argon ion lasers
operated in a synchronized cavity-dumped, mode-locked manner.
Because such pulse chains might have practical applicability
in the area of underwater communication, it seemed appropriate
to investigate a number of basic physical problems associated
with the production of such mode-locked laser pulse chains
and with their applicability in time-interval measurement,

A number of new techniques have been developed and new
physical observations have been made during the course of this
research: A technique based on the two-quantum photoeffect was
devised and used to study secondeorder intensity correlations,
pulse shapes and time delays in the picosecond time domain,

A method of analysis was developed for the practical design

of synchronized cavity-dumped, mode-locked lasers which method
is based on concepts of folded, generalized confocal equivalent
cavities. Precise studies of pulse shapes from mode-locked

argon ion lasers tvvere made both with and without synchronized
cavity dumping, Data were obtained for spectral distributions,
peak intensities and pulse widths as'a function of discharge
current for such laser systems, Our results imply a pulse shape
which is closely Gaussian and a laser line profile which is in

good agreement with previous line broadening studies in the argon
ion laser system,

Some details of the present final report have been contairned
in three previous interim technical reports and in three journal
publications¥ The full final report contained here was the basis
of the PhD dissertation of D.B,Carlin in the Engineering and
Applied Science Department at Yale University.

*
W.R,Bennett,Jr,, D.B.Carlin and G.J.Collins, IEEE J,Quant, Elect.
Vol. QE-10, p.97 (1974).

D.B,Carlin and W,R.Bennett,Jr., Appl. Opt. Vol.l5, p.2020 (1976).
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CHAPTER 1 - Introduction

Studies of atomic processes occurring in the sub-
nanosecond time domain require excitation mechanisms and
detection techniques capable of commensurate temporal
resolution. 1In particular, this laboratory has been
interested in lifetime measurements of noble gas ion
excited statesl'z. In this report, techniques for the
generation of intense optical pulses and the measurement
of time intervals with V100 psec resolution have been
described. In order to demonstrate the utility of these
tools, an experiment to measure fast relaxation times was
devised. An attempt was made to determine the lifetime
of the lower state of the argon ion laser transitions
using this method. 1In order to show the generality of the
method, it was applied in a measurement of a fast decay
rate in the ultraviolet scintillator sodium salicylate.

The development of mode lockingi’-5

has created a
convenient method for the generation of optical transients
from CW lasers. The argon ion laser is particularly
suited to mode locking by acousto-optic diffraction6

and provides intense pulses of 100 psec duration.

A time interval measurement technique, using second
order intensity correlations, has been developed7. This
method, based on the two-quantum photoelectric effect,
has been used to study the shape and duration of the mode

locked pulses as a function of the operating conditions
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of the laser
The incorporation of cavity dumping in the laser e
system is described in Chapter 4. The mode locked,
cavity dumped laserB provides a method of further ‘o
enhancing the peak power of the optical pulses. |
Chapter S describes the experimental technique for
the determination of lifetimes as short as 100 psec. The
method was used in an attempt to measure the lifetime of
the 4s 2P3/2 state of the argon ion. This is the lower
state of the strong laser transitions at 4880 i and 5145 i
and has a lifetime calculated to be 0.36 nsecg. A fast
relaxation process was observed by this method, and

determined to have a lifetime of =630 psec.
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CHAPTER 2 - Mode Locking

In order to achieve high resolution in time interval
studies it is necessary to use optical pulses of extremely
short dwation. Mode locking is a technique for generating
bandwidth limited output pulses from a laser medium. The
technique is well-known3'5 and relies on the synchronization
of a periodic loss element to the round trip transit time
of light within the laser cavity. All longitudinal modes
of that cavity are thereby forced to oscillate with zero
phase difference between them. The process is often

referred to as "phase locking".
2.1 Passive Mode Locking

The intra-cavity loss is generally effected in one of
two ways. For those lasers in which the internally
circulating optical power density is high, nonlinear
saturable absorbers are often utilized to provide the
necessary lossl? At low levels of intensity the trans-
mission of light is independent cof the incident power
deneity. At higher incident intensities, however, the
light depopulates the lower state of the absorber, thereby
increasing its transmittance. Thus, light pulses of high
intensity are preferential;y transmitted over those of

lesser intensity.

At the onset of laser oscillation all the longitudinal




modes have randomly distributed phaseg and the internal
electric field consists of chaotic, low power fluctuations.
As the internal power density grows, the largest of the
pulses begins to bleach the absorber and experiences
relatively less loss than do fluctuations of lower
intensity. The light circulates within the cavity at

frequencies which are separated by
= =2
Ve = 3T (2.1)

wvhere ¢ is the speed of light and L is the distance
between the cavity mirrors. With each transit, more
bleaching occurs and the most intense pulses are further
enhanced. A single pulse eventually dominates the others,
capturing most of the energy in the modes.

Organic dyes are effective for these "passive”
mode locking applications but usually require incident

power densities in excess of 106 W/cm2 for appreciable

saturation to occurll.

2.2 Active Mode locking

At lower power densities the loss element must be
driven by a source other than the laser field itself. The
loss must operate at the cavity frequency, Voo in "active"
mode locking. In addition, the loss must exceed the
single pass gain of the amplifying medium. For the

argon ion laser used in these studies, acousto-optic

-
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diffraction is a convenient way of implementing the

— —
PN

required loss (see Appendix I).
2.3 The Mode lLocked Argon Ion Laser

The mode locker used in this system is a modulator
consisting of a LiNbO, transducer bonded to a 1" x 1" x k"
block of optical guality fused quartz. A radio fregquency
sine wave transmitted to the block induces an acoustic
standing wave within the guartz. The index of refraction
perturbation is proportional to the applied acoustic power
density (see equation I.l). The standing wave acts as a
grating, perpendicular to the optical axis, which diffracts
enough light to extinguish oscillation. Only at those
times when the standing wave approaches zero (twice
during each rf period), is the optical radiation allowed

to propagate through the cavity. If the rf frequency is

Vog = ] Ve (2.2)

then the mode locking device may be synchronized to the
cavity spacing when placed near either end of the cavity.
A single pulse which is unattenuated by the mode locker
will circulate within the cavity, experiencing further
gain with each successive transit.

A Laser Sciences Model 254 argon ion laser tube,

described in detail in Appendix II, was employed to

B o oamim e s
.
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provide the amplifying medium. 1In normal CW operation,
with a 4.3% transmittance output mirror in the cavity,
this unit was capable of 900 mW output at either 4880 R

or 5145 i. The 5145 i line is most convenient for use in
mode locking, having high power but less gain than the
transition at 4880 R. Mode locked operation at the

latter wavelength requires that more loss be inserted into
the cavity than the acousto-optic modulator is capable of
generating as supplied by the manufacturer. The placement
of the mode locking element within the cavity introduces
substantial losses. The CW output of the laser is
decreased to =650 mW at 5145 i with no applied radio
frequency power. The mode locked laser system is depicted
in Figure 2.1.

The LiNbO3 transducer on the mode locker used had a
resonant frequency of 68 MHz, corresponding to.a cavity
length of 119 cm. There was sufficie.it response to
operate this unit at tk MHz from the resonant frequency,
so0 that the radio frequency could be tuned to the cavity
length. The fdsed quartz block has resonant frequencies
spaced by =250 KHz. Thus, with careful tuning, mode
locking could be obtained with ='4 W of applied rf power.

Figure 2.2 is a photograph of a mode locked pulse

detected by a Spectra-Physics Model 403 Fast Photodetector.

The rise time of the detector is =150 psec and the fall

time is =200 psec for peak optical intensities of 0.5 to

——-—
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100 mW. Consequently, the laser beam was attenuated with "
a neutral density 2 filter to avoid damaging the photo- f

diode. The oscilloscope was a Hewlett Packard 1803C/181l1la

with a 1430 Sampling Head having a rise time of 20 psec.
Thus, the apparent pulse duration of 500 psec in the
photograph is largely due to the photodetector. '
When mode locked, the average output power of the
laser fell to =150 mW. As shown in thé following chapter,
the duration of the mode locked pulse from the argon ion . A
laser is approximately 100 psec. The repetition rate is
twice the radio frequency, or 136 MHz. Thus, the peak

power of the pulses is 10 W,
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CHAPTER 3 - Second Order Intensity Correlations

Studies of optical transient phenomena occurring on

sub-nanosecond time scales are severely limited by the
response characteristics of conventional photodetectors. '
Recently, rise times of 50 psec have been reported in

Schottky barrier diodesls. However, we determined in the

conceptual stages of these studies to use an optical

sampling technique of far greater inherent resolution. 1In

fact, the temporal resolution of the system described is

better than the fastest pulsed light sources known.
3.1 The Optical Sampling System

The optical sampling system used in there experiments
is a Michelson interferometer, depicted in Figure 3.1.
Incident light is directed into the two arms of the
interferometer by a beamsplitter. The variable length arm
and the fixed length arm have lengths L1 and L, respectively.
The two pulses are recombined by a gecond beamsplitter.

The relative time delay between the pulses is
T = (Ll-Lz)/c (3.1)

and the pulses may be swept through one another by varying

Ll’ The light intensity in each arm may be chosen by f
selection of the transmission and reflection coefficients '
of the beamsplitters.

A variable speed DC motor with tachometer feedback

10
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drives a threaded rod through a planetary gear reducer to
provide a useful translation speed of ¥ cm/min to 2% cm/sec
for the variable length arm of the interferometer. A
floating nut couples the threaded rod to the translation
stage with neglible transmission of vibration. Also
coupled to the threaded rod, through a ten times reducer,
is a 50 turn 10 K potentiometer which provides positional
data.

Our experimentf necessitated that the optical beams
be confined to angélar deviations of less than 10-4 radiang
for all positions of the translation stage. The stage
rides on three linear bearings over two precision ground
1" diameter stainless steel shafts. These shafts are
supported at two intermed;ate points between the end
plates to minimize sagging. Careful adjustment of the
supports can reduce height deviation due to sagging to
0.001". The interferometer tracks are sufficiently long
to allow experiments of up to 6 nsec. In practice,
however, it was necessary to keep the length as short as
possible for each measurement in order to maintain the
angular alignment of the variable length arm beam.

The light is reflected by two pairs of dielectric
mirrors, each coated for 99.8% reflectance at 5000 i for
"s" polarized waves at 45° incidence. The mirrors are

supported on spring loaded, adjustable mounts to facilitate

angular alignment.
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3.2 Second Order Intensity Correlation Functions

The utility of two~-quantum processes for subnanosecond
time resoluticon has been demonstrated in a number of auto-
correlation studies using second harmonic generation”-zl
and two-photon induced fluorescencezz. We investigated
a new technique, based on the two-quantum'photoelectric
effect, having the promise of simplicity and quantitative
accuracy7.

As presented by Weber and DanielmeyerzB, ambiguities
arise in the interpretation of two-quantum experiments
without an accurate knowledge of the intensity correlation
function. The width of the central peak of this function
is approximately the same for normal CW mﬁltimode output
and mode locked pulses. When many transverse modes are
coupled, differences become evident in the details of the
functional forms and contrast ratios. With only the TEMoo
mode oscillating, however, the functional forms become
identical and have the same width. The intensity of the
correlation signal, however, increases in proportion to
the CW signal, as more longitudinal modes are coupled. We
have deviged a simple and general technique for the determ-

ination of the second order intensity correlation function24

6 (1) = {T(t)T(tsT)) (3.2)

based on the two-quantum photoeffect.

i

i
e
g
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By the two-gquantum photoeffect we mean the dominant
process by which electrons a~e ejected by a light wave of
frequency, v, for a surface having a work function, W,

which satisfies the relationship
hv < W < 2hv. (3.3)

There is no first order photoeffect, and the leading non-
zero term in a time-dependent perturbation expansion for
the electron emission probability is proportional to the
square of the total incident optical intensity.

If the electric field of the optical wave in the fixed
interferometer arm is denoted by E, and that of the variable

arm by 22, where

E, = E, (t)
1 " (3.4)
E, = Ez(t)
then the total field is
E=E + Ez' (3.5)

Since the optical fieid is comprised of several frequencies,

W, the total! field can be written as

E=] {Eln elopt e@“n(t+1)}

"4 Ba_ .
n 2n

(3.6)

where n is the index of the longitudinal modes. For the
lager used in these experiments, only the TEMy;, mode is

emitted.
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If the two pulses are chosen to be equally intense,

Eln 2n n (3.7)

then (3.6) can be expressed as

E s 2 I En eiwn(t+‘l’/2)

cos(wnT/Z). (3.8)
n

At this point it becomes necessary to distinguish

between uncorrelated (CW) light and mode locked (ML)

light.

For the latter case, the intensity, which is the

absolute square of the field, is

* 3 - 2
n,m : (3.9)

-cos(mnr/Z) cos(mmr/2)

which can be written as

- * ile -~w ) (t4+7/2)
1 2] EE e 'n m

ML
' n,m (3.10)

..... n~Up) 7721}

The term involving the sum frequency, wptw s averages

to zero more rabidly than does the term involving the

difference frequency.

The signal from the two-guantum detector, S2(t), is

proportional to the time average of the square of the

intensity

82 (1) = (1% ) (3.11)
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or,
o) = 4 T (K ot e 072
n,m
1ek (3.12)
*cos [(wn-wm)T/Z] °°s[(“1'wk)1/2]}
where

« .
E . (3.13)

2 3. *
dg,l EnEmEI k

The time average of the term involving t will vanish unless

mn-wm+wl-wk = 0 (3.14)

Noting that

Wy = 2wnvc | (3.15)
then

k = n¢l-m (3.16)
and

lem 2
sz (1) =47 ™™ Meog? (nyin-m)). (3.17)
ML n,m,1 n,1l J
For CW light,
1. =473 |E |2cos?(w 1/2) (3.18)
cwW n n n ‘ *

Therefore,

2 2
82 (1) =16 §] |E_|°|E_|
CwW n,m n m
: (3.19)

venn? 2
cos (wnt/Z) cos (me/Z)

-
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which can be expressed as

' 2, 22
,séw‘f’ =4 ) IEnI IEmI cos [wvcz(n-m)] (3.20)
n,m

or

2 n,m 2 -
S&y(T) = 4 ) Gy m €08 [Ty T(n-m)]. (3.21)
n,m
In order to derive the two-photon correlation
function, G?(1), we note that

s2(r) = (%) = (2 + 21,1, + 13). (3.22)

Therefore,
2 - Q2 (1) =T2-T2
3.3 The Channeltron Photomultiplier Tube

and Counting Technigque

The gquantity Ii + Ig is removed as follows

experimentally. After passing through the specially
designed chopper, indicated in Figure 3.1, the two
optical pulses are recombined and focused on the photo-
surface of an ultraviolet, solar blind, photomultiplier
tube. The particular detector used has a thin film
molybdenum photocathode which has a work function of
4.3 eV. Since the laser wavelength is 5145 3 (2.4 ev),
this photosurface satisfies the relationship indicated

in (3.3). A Channeltron electron multiplier serves as the

s = v

¥
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amplifier. The single photon sensitivity of the device,
determined using the 2537 R line of a mercury lamp, showed
a quantum efficiency of "\410.6 with saturation occurring
at counting rates of 40 KHz. The two~-photon process
was approximately six orders of magnitude less efficient,
as determined by using the CW argon ion laser beam. The
Channeltron photomultiplier tube was remarkably free from
noise. The dark noise counting rate averaged ~0.2 Hz at
room temperature, and only rose to nl Hi in the presence
of mercury fluorescent room lighting. -

The output of the photomultiplier tube is fed through
a high speed integral discriminator to a scaler that is
switched between add and subtract modes at the command of
a reference voltage provided by the chopper. The chopper
is a symmetrical two-bladed device, having a LED/photocell
reference assembly arranged symmetrically opposite to
each of the lasexr beams. Thus, when a chopper blade is
blocking one of the optical paths of the interferoineter,
the appropriate reference signal is also blocked. The
signals from the two photocells are combined by digital
logic which gates the add/subtract mode of the scaler.
Thus, each chopping cycle is divided into four equal time

intervals:

l-counter adds; both beams strike the phototube
2-counter adds; neither beam strikes the phototube

3-counter subtracts; fixed delay beam strikes the
phototube alone

4-counter subtracts; variable delay beam strikes the
phototube alone.
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It is evident that, on the average, this procedure

subtracts any residual constant background of the type

(I]) or <I7> and any double quantum counting terms of the

type <I§) or <I§_> as well.

3.4 Relationship Between Mode Locked and CW

Correlation Functiomns

Comparison of (3.17) and (3.21) shows the differences
in the photomultiplier signal for mode locked and CW light.
The expected functional forms are shown in Figqure 3.2
together with the correlation function, G2(t), derived
by application of (3.23). For this analysis, the light
wa= assumed to have a Gaussian frequency dependence, having
a full-width at half-maximum (FWHM) of 2/InZ Av. For a
given number of longitudinal modes, the signal intensities,
§?(1), and the correlation functions, G?(t), were numeric-
ally computed as a function of time delay, t. 1In the
example presented in Figure 3.2, nine ;oupled axial modes
were assumed., Figure 3.3 shows the calculated dependence
of GQL(O)/Géw(O) as a function of the number of coupled
modes. Thus, the intensity of the mode locked signal
grows linearly relative to the CW case for three or more
coupled modes. Of course, the concept of mode locking is
not valid for only one oscillating longitudinal cavity
mode. Additionally, it should be noted that there is no
difference either in functional form (both cases having

Gaussian shapes) or contrast ratios between G?(0) and
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G2 (1>>Av~!) as there is in the case of coupled transverse

mode523. -

3.5 Effects of Broadening Mechanisms on Functional Forms

In the above analysis a Gaussian freguency dependence
was assumed. This is valid for a primarily Doppler
broadened transition. However, Lorentz broadening due
to collisions will alter the form of the frequency
dependence to that of a Veoigt profilezs. In addition,
it is of interest to consider the case of a homogeneously
broadened lasef medium.

Given a fregquency distribution, I(v), it is possible
to calculate the time dependence of the mode locked pulse

intensity, I(t). The total electric field is given by

the sum of the fields distributed in the modes,

2nivnt’

E= ] E(v) e (3.24)
n

where

E(v,) = [1(v )%, (3.25)

The temporal behavior of the total electric field is
obtained by taking the Fourier transform of the above
expression;

1(e) « JIr(v 1% &2"1Vpt (3.26)

The intensity of the pulse is the absolute square of the
field, or
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1(e) = [i(t)]2. (3.27)

In Figure 3.4, Lorentzian and Doppler line shapes,
having the same full-width at half-maximum (FWHM = Av), are
shown in the left column. 1I(t) for both cases is presented
in the central figures. These functions have strikingly
disparate forms and widths. For the Doppler broadened case,

the FWHM is

= 21n2
TD iy (3.28)

twice that of the Lorentz broadened case.
It is also possible to obtain analytic expressions for

the second order correlation function. Noting that

G2(1) = [ I(t) I(t+1) dt, (3.29)

we can determine that the second order correlation functions
are those shown in the right-hand column of Figure 3.4. 1In
this case, the functional forms and widths of the two
distributions differ significantly also. For the Doppler

broadened line, the FWHM of the correlation function: is

- 2/Z7 1n2 _ 1.9605

‘TD TAv nAv '’ (3.30)

which is larger than the width of the correlation function

in the Lorentzian case. This is

. 1.6783

TL ndv

and is determined numerically.

[ﬁ.\lm‘_}“-ﬁ.‘r—r ———m e
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LORENTZIAN LINE SHAPE
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A real gas laser has components of both Lorentz and
Doppler broadening due to collisions and the thermal
velocities of the excited species. The composite line
shape (Voigt profile) is a Doppler distribution of
Lorentzians and can be calculated numerically. An example
is shown in Figure 3.5 for the argon ion laser system
used in the initial mode locking experiments. The cavity

spacing, v _, is 135 MHz and the loss due to mirror trans-

c
mission, diffraction, and scattering, is =3% per transit.
The single pass gain was determined from CW .output power
measurements, and the Doppler and Lorentz broadening was
extrapolated from previous linewidth data by Sze and
Bennett26'2? The upper curve in Figure 3.5 shows the
spectral distribution of the allowed longitudinal modes,
computed using the above model for a discharge current of

27 A and an argon pressure of 0.4 torr. The lower curve

' is the time dependence of the light intensity, obtained

by the method outlined in this section.
3.6 Validity of the Gaussian Pulse Shape Approximation

It is now possible to evaluate numerically G2(t) for
a Voigt profile line shape using (3.2). Noting, however,
that I(t) in Figure 3.5 has a complicated form, there is
a strong temptation to approxims.te the pulse shape with
a more convenient function, such as a Lorentzian or a

Gaussian. It is clear from Figure 3.4 that the Lorentzian

.
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has little quantitative applicability as an approximation
to either I(t) or G*(1). The Gaussian profile, however,
appears to be quite suitable in the case of the homo-
geneously broadened medium. Figure 3.6 shows the validity
of the (aussian approximation to both functions. I¥n the
upper figure, the computed Voigt profile I(t) is shown as
the dotted curve while the Gaussian leﬁst squares fit

to a Gaussian functional form is the solid line. The

FWHM of the curves are within 3% of each other. The..only
significant differences occur as the functions approach
zero. The Voigt profile generated curve drops off more
rapidly, and oscillates with decreasing amplitude as It-tol
increases. The lower set of curves are the calculated

G2 (1) for the Voigt profile (dotted line) and the Gaussian
fit (solid 1ine). The approximation is even better in
this case. It is important to note that the FWHM of the
Gaussian approximation to G* (1) is V2 times that of the
approximate form of I(t). It is apparent, however, that
the Gaussian approximation is a convenient and appropriate

device for analyzing mode locked argon ion laser pulses.

3.7 Experimental Msasurements

Figure 3.7 is a photograph of the mode spectrum of
the mode locked laser, made by passing the laser output

into a 8Spectra Physics Model 470 Optical Spectrum Analyzer.

This is a confocal Fabry-Perot interferometer, piezo-

i r
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electrically scanned, having a free spectral range of

8 GHz and a finesse of 100 at 5000 i. Note that approx-

imately 42 modes, separated by 135 MHz, are oscillatiné.
Figure 3.8 is a plot of G2 (r) data as a function of

time delay. The upper figure shows data for a continucus

train of mode iocked pulses together with least squares

fits to Gaussian (solid curve) and Lorentzian (dotted

curve) functional forms. The data was punched in digital

form on paper tape by a data acquisition machine. Analysis

of five separate runs, made at a discharge current of 30 A,
gave an average FWHM response for the original laser pulse
of (78.4 + 3.8) psec. The lower figure shows the two-
quantum signal, S?(t), for CW light, plotted in the same
relative intensity units as the upper figure. ‘It should
be noted that the Lorentzian does not fit the data as well
as does the Gaussian, as was predicted.

The applicability of this techniqug to time interval
measurements is demcnstrated in Figure 3.9. A 4" thick
optical flat was introduced as additional delay into the
fixed arm of the interferometer. Both traces are shown in
the figure, with the delayed data displayed as the right
trace. The least squares fit parameter determining peak
location provides a simple method for the measuvement of
short time delays. Analysis of the data shows that time
intervals of ~100 psec could be consistently measured to

within 0.2 psec using the present apparatus.
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CHAPTER 4 - The Mode Locked, Cavity Dumped Laser
4.1 Cavity Dumping

Cavity dumping is a process in which pulses of high
peak power are extracted from a 1aser28-31. - The power
enhancement is effected by increasing both the internal
power density and the fraction of light coupled out of the
cavity.
© In the case of a CW laser, the losses include total
dissipative losses, Ld‘ and output coupling losses, T, per
cavity transitzs. For a laser system in which the light
is coupled out of one end of the cavity, T is one-half of
the output mirror transmission coefficiént. The total loss

per pass is

L=1Lg+T ‘ ' (4.1)

and steady-state oscillation occurs when the gain, G,
saturates the loss at the pscillation frequency. The
removal of excess gain is accomplished through the
stimulated emiésion process and the total lagser output
power is proportional to the reduction in gain, (G-L).
Only a fraction, 2T, is coupled out of the cavity so that

the output power may be expressed by
»PO = C(G-L)T/L (4.2)

where C is the constant of proportionality. Similarly,

33
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the internally circulating power is i‘

For the argon ion laser operating CW at 5145 i,
Ld = 1% and the optimum mirror transmission coefficient
¢ 4%. Thus, the total loss is = 3% per pass. The maximum
CW power output is = 1lW. Therefore, from (4.2) and (4.3),
the internal power is approximately 25 W. 1In tie cavity
dumper, the normal 4% output mirror is replaced with a
total 99.8%) reflector. The loss drops to =1% per pass
and the internal power increases threefold.

In order to make use of the internal power enhancement,
the cavity dumper redirects the optical beam when output
coupling is desired. The device used in this system is
shown in Figure 4.1. A traveling wave at a frequency of
470 MHz is transmitted to a fused quartz block through a
LiNbo3 transducer. The traveling wave grating, induced
by incident rf powers of =16 W, is sufficient to deflect
*508 of the internal beam by an angle of =1k%° (see Appendix
I). One-half of the beam intensity is lost because the
CW laser cavity contains running waves traveling in both
directions. When used in a mode locked configuration as
well, larger fractions of the internal beam niay be extracted
from the cavity with proper synchronization of the mbde

locking and cavity dumping processes32.

For the production of fast cavity dumped output
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pulses, the transit time for the acoustic wave to cross
the optical beam must be minimized. For an optical beam
of diameter b, the rise time of the dumping operation will
be

T ~ b/v (4.4)

CcD

where v is the speed of sound in fused quartz (5968 m/sec).
To achieve a narrow beam waist, the light is focused to
a diffraction limited spot (=50 microns) by a concentric
cavity formed by R, and R, in the figure. The internal
light beam has a radius of curvature of =2 m, twice the
cavity length. R3 is a semicircular total reflector with
a radius of curvature of 20 cm. This focuses the light
to a point inside the modulator, 10 cm away. The light
continues a distance of 10 cm to R4 having a 10 cm radius
of curvature, which reflects it back into the cavity.
When the cavity dumping driver is triggered, the rf
traveling wave causes the optical beam to undergo suffic-
ient deflection to displace the optical path by =% cm at
the surface of-R3. Since R3 has a spherical surface, the
reflection of the deflected beam travels parallel to the
incoming light for 10 cm, where it is intercepted by a
small right angle prism. This, in turn, directs the

deflected beam out of the cavity, past R Since the

3.
cavity dumper achieves =50% output coupling instead of the

normal 4%, pulses of 30 W peak power may be extracted.

g
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4.2 Synchronous Mode Locking and Cavity Dumpinga'

It is natural to consider applying cavity dumping,
with its thirtyfold peak power amplification, to the
node locked laser described in Chapter 2. Typical output
characteristics for the mode locked system are pulse
durations of 100 psec, repetition rates of 135 MHz, and
measured average power levels of 100 mW. It is reasonable
to expect that the =7 W peak power mode locked pulses will
be enhanced to =200 W peak power using cavity dumping.

We, therefore, sought to develop a flexible method for
extracting individual mode locked pulses using cavity
dumping.

Unfortunately, the available optical modulators and
the discharge tube had physical sizes which were not
compatible with the 110 cm cavity length required by our
mode locker. The discharge tube is =75 em long, and the
mode locker and wavelength gelector require an additional
15 cm. The cavity dumper uses more than 40 cm of cavity
length. Clearly, a solution other than a straight-forward
assembly of the components was needed.

As long as the fundamental acoustic resonance of the
mode locking transducer is low enough, the cavity can be
lengthened to include all of the elements of the system.

Thus, if the required overall length is L, a harmonic, n, ‘ ;

of the fundamental transducer resonance, fo, may be chosen %
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such that

C
nf = Eo ("S)

0

In the case of the transducer used in this mode locker,
shown in Figure 4.2, n is 0odd so that the standing wave
is always zero at the far end of the fused quartz block.
In this particular case, we found that the transducer was
being driven at the third harmonic of its fundamental
resonance as supplied by fpectra Physics. We were able,
therefore, to lengthen the cavity to =330 cm, more than
adequate to accommodate all the elements of the system.
For this extreme cavity length and small discharge
tube bore diameter, however, diffraction losses play an
important role. Figure 4.3 shows the diffraction losses
in the TEM,, mode for a confocal cavity as a function of
the Fresnel number az/LX, where a is the radius of the

limiting aperture. within the cavity projected onto the
33,34

curved mirror . In this case, the cavity..length is_333

cm and the bore diameter is 2% mm. If the laser tube is
placed optimally (as near to the mode locker and wave-
length selector as possible) then a=1.36 mm. The Fresnel
number is, then, 0.54. As the figure shows, this leads to
diffraction losses of =7% which is a prohibitive amount.
This condition can be avoided by folding the cavity
as shown in Figure 4.4. The wavelength selector and mode
locker are located at the flat mirror end of the cavity.

The folding mirror chosen has a radius of curvature of

L ap—

e e eemarme s % beeee

o

- -




39

V,f £22.55 MHz |

VAVAVA!

i
|
Li Nb O Av
! 3
i TRANSDUCER ELECTRODES
; e T ‘
* FUSED QUARTZ
A=27mm
. l”

= f’ '
‘! ]
|

ol \

STANDING WAVE MAXIMA

FIGURE 4.2 ~ MODE LOCKER USED IN THE

CAVITY DUMPED LASER '

o

l
!
1
]
|
!




40 l
!

100

o
©
y

®
-

F 3
-]
JK

20 \\ N {

\\ )
10 !
° AN o

o
|
I

W

A

I
1

POWER LOSS PER TRANSIT (%)

2
TEM g ‘
' - .
0. TEMgo
PLANE
) AN
- \| CIRCULAR
04 COMFOCAL Ny
CIRCULAR N
02 | . TEM oo
TEMp, l (DOMINANT)
toominant) || | TEM,, l !
0. I | S | |
04 060810 2 4 6 010 20 40 :
o*/7La ' :

FIGURE 4.3 - DIFFRACTION LOSSES AS A FUNCTION OF

e ———

. THE FRESNEL NUMBER, a2/ L )

(From Bennettzs}




41

¥IAING 49
[ {
3IINNOD 38n1 393VHISIA
3INI01
ZHW §S 2T =N 300w

dASYT Q3dWNNA ALIAVD ‘AIdD0T AAOW FHLI -~ ¥° ¢ FINOIL

wg =¥

d3dWNA ALIAVD JOYRIW ONIA104

[ L.
¢ 2

YOLO313S X




S

42

2 m and would result in a conventional confocal mode with
a Fresnel number of 1.43. By offsetting the angular align-
ment of the folding mirror as shown, the original confocal
cavity modes are effectively coupled into a second tandem
confocal equivalent resonator with similar optical
properties. Consequently, a wave launched at the flat
mirror end in a TEMy, mode will be matched into a spherical
surface of constant phase with a 2 m radius of curvature
when it arrives at the first mirror (R3) of the cavity
dumper. Thus, we have achieved an optical path of 3.3 m
within the folded cavity with neglible increase in
diffraction losses over the original 1.1 m cavity.

Of course, the rf oscillator and amplifier originally
supplied to drive the mode locker are n§ longer useful.
The extended cavity requires that the mbde locker be
driven at 22.5 MHz. A Hewlett-Packard Model 608D radio
frequency oscillator now provides this frequency. An
EN] Model 300L amplifier provides up to 3 W of rf power
for mode locking. As the oscillator has a tendency to
drift in frequéncy for several hours following turn on,
it was allowed to stabilize in frequency before mode
locking could be effected;

Past digital logic is used to count mode locked rf
periods and trigger the cavity dumping driving electronics.
The mode locked pulses circulating within the cavity

require approximately 300 nsec (30 transits of the gain

e e
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medium) to saturate the amplification mechanism. Dumping
at repetition rates faster than 3 MFz does not allow the
pulse sufficient time to build up to maximum power. Slower
output coupling does not increase the peak power, but
diminishes the average power. A gating delay allows for
synchronization of the mode locked peak within the cavity
dumped envelope. The rise time of the cavity dumper and
the round trip transit time for light within the cavity
are both =20 nsec. Thus, with the cavity dumper running
wave set for minimum duration, a single mode locked pulse
can be extracted. This would not have been possible
using a shorter cavity and these same acousto-optic
modulatnrs. An increase in the duratioh of the 470 MHz

running wave permits multiple pulse operation (see Figure

4.5).
4.3 Output Characteristics

Average power measurements were made with the system
operating at repetition rates of 3 MHz. Under conditions
of high gain (discharge currents of 25-30 A), the average
power was =45 mW. For a pulse duration of =150 psec, this
indicates that V100 W peak power pulses are generated by

this system.
4.4 Mode Locked, Cavity Dﬁmped Spectra and Pulse Shapes

A knowledge of the shape and duration of the mode
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locked, cavity dumped pulses is useful in the analysis
of studies making use of these pulses. The pulse shape
may be predicted from the same model used in generating
Figure 3.5, modified for the operating conditions '
appropriate to the mode locked, cavity dumped sytem. The
losses in this system are expected to be somewhat less
than those in the mode locked laser as the output mirror
transmittance is now zero. However, the modulator intro-

; duces "1% loss. Thus, total losses of 2% per transit are

: used in the calculations.

The argon laser required fewer refillings, and

operated at higher powers after a burn-in time of ~30 !

minutes, when the filling pressure was increased to 0.9

torr. The increased pressure causes slightly greater

Lorentz widths and smaller Doppler widths than the

pressure used in calculating the mode locked modelzs. The
; computer-generated spectral distributions and time depend-
ent intensities are shown in Figures 4.6 a-d. All maxima
have been normalized to the same value, as the intention
is to show shaﬁe and width variations. The discharge .

currents in the four calculations are: a) 15 A, b) 20 a,

c) 25 A, and 4) 30 A. The mode spacing is only 45 MHz for
i the 3.3 m cavity. This causes the mode structure, visible

in Figure 3.5, to be obliterated in the present case.

; The spectral bandwidths and pulse duragions were

experimentally determined using Fabry-Perot interferometry
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and second order intensity correlation measurements. In
the mode locked, cavity dumped system, the close spacing
of the longitudinal cavity modes requires Fabry-Perot
mirrors having reflectances of >99.2% in order to resolve '
the mode structure, as in Figure 3.7. Such optics were
unavailable. However, the convenience of having the '
mode structure as a freguency reference is not necessary
in order to determine the FWHM of the spectrum. Instead,
the free spectral range of the interferometer was used to
provide the frequency reference.
A pressure scanned Fabry-Perot was aligned so that
part of the optical beam passed through it to a photo-
multiplier behind a 1 mm aperture. The beam was attenu-
ated with neutral density filters to prevent saturation
of the phototube. The pressure scanning was effected by
venting high pressure (~150 atmospheres)>N2 gas into the
interferometer chamber through a small leak to provide
iinear flow. The Fabry-Perot had a free spectral range
of 15 GHz and the pressure was allowed to scan 5-7 free
spectral ranges. The full-width at half-maximum of each

transmission maximum was determined and related to the

distance between adjacent maxima on a strip chart recorad
of the data. Figure 4.7 is a sample of the interferometer

data, with two maxima shown. The results of several

. . a—

analyses, for data taken at varying discharge currents,

is snown in Figure 4.8. The predicted bandwidths for

-
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currents of 15, 20, 25, and 30 A from the computer analysis
are included as the larger points in the figure.

The pulse durations indicated in Figure 4.6 are
plotted in Figure 4.9 as a function of discharge current
together with two~-guantum correlation data. The model
(larger points) predicts slightly shorter pulses than
were generated experimentally. Imperfect mode locking35
results when Vog drifts more than =500 Hz from kvc. Thus,
the results shown in Figure 4.9 are not surprising.

The product of the spectral bandwidth and pulse
duration FWHM range from 0.678 at 15 A to 0.606 at 30 A
as determined using the computer model. The experimental
values for this product are in the 0.6 to 0.9 range. For
ideal mode locked pulses from a purely Doppler broadened
medium, having no cavity losses, the product of bandwidth
and duration is 2/1In2/n=0.44. Thus, it is possible to
estimate either the gain bandwidth of the laser medium or
the duration of the mode locked pulse generated by that
laser from a knowledge of the other quantity.

At higher'currents there is only a weak dependence of
pulse duration on current. Durations of =150 psec are
obtainable at 24 A. At 30 A, this is only decreased to
125 psec. Therefore, if ultimate temporal resolution is
not required, it is prudent to operate the laser at low

current levels in order to prolong its life.
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CHAPTER 5 - Technique for the Measurement

of Sub-nanosecond Lifetimes

Many atomic and molecular relaxation processes occur
at rates which are inaccessible to convei.tional electronic
measurement technigues. We have developed a method, using
mode locked laser pulses and the optical sampling system,
which permits the measurement of lifetimes as short as
100 psec.

The intense laser pulses can be used to perturb the
populations of the upper and lower states of a resonant
transition in the investigation sample. The subgequent
relaxations of the population densities éf thege states
can be used to determine their effective lifetimes. If
the mode locked pulses are sufficiently iﬁtense, optical
sampling of the time-dependent gain or absorption of the
medium at the laser wavelength can be effected using the

Michelson interferometer.
5.1 Lifetime Determinations by Gain Measurements

In the evolution of the populationg of the system
considered, the lower and upper states have relaxation
rates A; and A, respectively. The time-dependent

population density of the upper states is

n,(t) = nze'AZt (5.1)

where n, is the difference between the initial and perturbed

52
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population densities. The lower state will include a

contribution due to radiative cascade from the upper

statel

A,.n A,n
21 2, -A,t 272, -A,t
n;(t) = [nl-Al_AZ]e 1" - [A_],?Kz—]e 2 (5.2)

where AZlis the transition probability connecting the
two states and ny is the quantity corresponding to n, for

the lower state. The population difference is, then,

An

~A,t
ny(t)-n, (t) = [l-g——3-) nj,e "2
1 72
A,,n
2172 ~A.t
- (n,-====] e "1 (5.3)
1l Al Az
which may be simplified to.
ny(£)-n (t) = Nje P2 - n e™P1", (5.4)

At resonance, the small signal gain of a running wvave

1325

G(t) = 2 L a (0, (t)on, (¢)) Aagy (5.5)
1%z 2 1 2n(A -A,) ’
Thus, the change in intensity of a weak beam which probes

the perturbed system at time delay, t, is
AI(T) = A1, exp{Bze"‘Zt - Blc'Alt} (5.6)

vwhere I, is the maximum intensity perturbation and B, and
B, incorporate the constants in (5.3) and (5.5).

Figure 5.1 illustrates the experimental technique
for lifetime measurements using optical sampling. A strong

pulse from the fixed path of the interferometer perturbs

oy
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the population densities of the two states, The delayed
weak pulse, from the variable length arm of the inter-
ferometer, is amplified by the medium according to (5.6).
By monitoring the weak beam intensity as a function of
time delay it is possible to extract the quantities Al,
Az, Bl’ and 82 using a least squares fit analysis.

In the experiment, the relative intensities of the
two beams are determined by the reflectance coefficients
of the two beamsplitters in the interferometer. Ratios
of 300:1 or 20:1 were used. One of the great advantages
of this time measurement technique is its ability to use a
relatively slow, inexpensive detectér for the intensity
measurement. A UDT.S500 photodiode was used. This generated
signal strengths of =20 uV to 1 mV from the weak beam.

An interference filter was used to transmit only those
wavelengths in a 20 R band around the laser wavelength.

The angle between the beams is greatly exaggerated
in the diagram. It was made as small as possible in order
to maximize <che interaction volume. The test cell was
placed near the beamspiitter shown in the figure to
allow a long path length for the two optical beams to
separate. An aperture blocked the strong beam while trans-
mitting the weak one.

A 30 Hz synchronous motor driving a single-bladed
chopper wheel modulated the strong beam. The signal was
fed into a P.A.R., HR-8 Lock~In Amplifier in order to remove

those components of the signal not due to the transient
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optical perturbation. A reference for the lock-in was
provided by a small lamp and photodiode, also modulated
by the chopper. The output of the lock-in was fed to
a chart recorder and the digital data acquisition system
for later computer analysis.

The evolution of the population densities due to
the transit of the strong pulse is shown in the upper
curves of Figure 5.2. If the FWHM of the laser pulse
is T and the strong pulse peak occurs at to then the
perturbation can be expected to last from to-T to to+T.
Afterwards, the only contribution to the population
difference will ° be the relaxation mechanisms of the
upper and lower states. The small signal gain will be
proportional to this population difference at time delay
T, nz(r)-nl(T). The lower curve in the figure is the
expected behavior of the intensity of the weak beam as a
function of time delay. The weak beam will be amplified
to I, by the initial population difference. The subsequent
perturbation will decrease the gain, so that the intensity
is reduced to I -4I,. The signal will then regain

0
intensity according to (5.6).

5.2 The Argon Ion Laser Lower State Lifetime Experiment

The lifetimes of the lower states of laser transitions i

are particularly important in maintaining the population

inversion nacessary for light amplificationss. While the
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lifetimes of the upper states of the argon ion laser lines

37 38

have been measured using optical and electron impact

perturbations, the relaxations of the lower levels occur
more rapidly and have defied direct measurement.
The choice of laser transition used in this experiment
. 2 2 '
bears careful consideration. The 4s Pl/2 and 4s P3/2

are predicted to have similar lifetime39

strong candidates for study. The'2P3/2 state terminates

and are both

the extremely powerful 4880 ; and 5145 i lines while the
2P1/2 state is the lower level of the 4765 i and 4965 A
lines, which are nearly as strong.

Gain at 4880 i is four to six times ‘that of the other
lines under conditions typical of an argon ion laser

discharge (current densities of 200-450 A/cm2

and pressures
of 0.4-1.2 torr)39. Thus, the signal strength in the gain
experiment will be correspondingly greater at this wave-
length for an equal perturbation of the populations. For
an amplification length of 40 cm, the gain at 4880 i is

20% to 60%, depending on the discharge cogditions. of
course, large gain makes mode locking difficult. 1In fact,
the argon ion laser is not generally capable of mode locked
operation using commercially available components.

The mode locker circuitry was modified, however, to
facilitate cavity dumped operation, as explained in Chapter
i. The ENI 300L amplifier produces higher radio frequency
power levels than does the Spectra Physics Model 365 driver

originally supplied. Using 23 W of applied rf power, the

s,
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laser system could be mode locked at 4880 i under canditions
of moderate gain (=30% per pass using laser currents of
=20 A).

The larger gain at 4880 i causes pulse durations
comparable to those measured at 5145 R at higher currents.
The output power is reduced, however, to *25% of that
attained at 5145 i. The weak bear intensity must be
maintained at a level below the saturation intensity of
the transition for the small signal gain analysis to apply.
Large power densities in the strong beam are desired in
order to effect large perturbations in the population

densities. A measure of the amount by which the pop-~

ulations will be perturbed is the saturation intensityzs,
ZﬂhcAlA2
Is = T—' - (507)
A Ay :

The rates A, and A21 have been experimentally deter-

mined. Bennett et al38 measured the lifetime of the 4p 2D;/2
upper state of the 4880 i line to be 9.120.6 nsec. The
ratio A2/A21 was determined to be 1.29 at this wavelength4°.

The lower staté lifetime has been calculated to be 0.36

nsec9 and can be inferred from experimental determinations

of the lorentz width of transitions to that statel’r41-43

27 determined that the natural width at

S§ze and Bennett
4880 A is 486 MHz. The natural width, Av =(A,+A,)/2m,
can be used to obtain the lower state lifetime. Using
the above values, A1-2.94x109. Thus, the 293/2 state

has a lifetime of =1/3 nsec.
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These numbers can be used to determine the saturation
intensity. The calculated values for each of the four
laser wavelengths is summarized in Table 5.1. 1Included,
also, are the approximate values of small signal gain in
the investigation dischargeBg, rf powers required for mode

locking, and peak powers of the pulses.

Wavelength (A) 4880 5145 4765 4965
2 2 2 2

Lower State P3/2 P3/2 P1/2 P1/2

Saturation 2

Intensity (W/cm™) 4.2 S0 6.4 8.9

Small Signal Gain

at 20 A (¥/pass) 30 5 7 5

Mode Locking ' ’

Power (W) 4 0.3 0.3 0.3

Peak Power of

Mode Locked 25 100 30 30

Pulses (W)

TABLE 5.1 ~ PERTINENT CHARACTERISTICS OF THE
STRONG ARGON ION LASER TRANSITIONS

The saturation intensities must be greatly exceeded for

gsignificant perturbation to occur. 1It is apparent, however,

]
that an order of magnitude more power is needed at 5145 A

than at the other wavelengths. Thus, 4880 i is the

preferred transition for the lifetime experiment.
Beamsplitters of 6% transmittance at 45‘ incidence

for "s" polarized, »5000 A light were installed in the

interferometer to provide a strong beam peak intensity of

e MR e Y

ST

g

=Y

Lp .

PR 1 T U RN
- n NS 1)
e )

. T
O et

Moy
\mh.."‘-;j-;"h-u L

-jﬂ&p. e




61

=l KW/cm2 and power densities of =3 W/cm2

in the weak
beam. The spot size at the investigation tube was 2 mm.

The discharge tube was a Laser Sciences Model 252
argon ion laser, with the cavity optics reﬁoved. This
is a transportable system, with a self-contained heat
exchanger and a photo-feedback regulated power supply.
In normal operation as a CW laser it was capable of 2% W
output when oscillating on all lines.

Because this is a sealed off tube, the argon pressure

could not be varied, and, in fact, was not precisely known.

Because the unit was capable of high output powers, however,

the pressure was probably in the 0.5 to 1.0 torr range.
Also, because of the relatively large gain available,
large gain perturbations were anticipaéed. Unfortunately,
the power supply only provided photo-feedback regulation,
Thus, when the unit was not used as a liser, the suppiy
would increase the discharge current to the maximum level.
A circuit was installed te vary this level between 14 and
20 A. The current was unregulated, however,.and created

noisy discharge conditions.

The process of aligning the laser beamg was exceedingly

difficult. PFirst, the interferometer track was adjusted
to minimize sagging. Even with painstaking care, the
residual deviations of the support shafts caused the weak
beam to wander $0.5 mm vertically over the 2 m path length

necessary to separate the crossed beams at the detector.

| 2 aboguiasprtnor. e+ =
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This separation could be made as large as 5 mm. Because
the weak beam size was =2k mm, a 4 mm aperture was placed
in front of the detéctor to isolate the weak beam. Only
3% of the detector signal was due to scattered light from
the strong beam, even though it was 300 times as powerful
as the weak beam. The scattering was due to the strong
beam passing through the narrow tube bore.

Unfortunately, there was insufficient signal strength
for a lifetime determination, despite the great intensity
of the mode locked, cavity dumped pulses and the large
gain at 4880 i available in the discharge tube. 1In fact,
no signal could be detected which could be attributed to
the expected gain perturbation.

The lack of signal is probably due to insufficijient
perturbation of the pobulation densities by the strong
pulse. While the single pass gain of the amélifier
approached 30%, the change in this value could be much
smaller, depending on the fraction of the population
which is perturbed. Also, the crossed beams undoubtably
reduced the interaction volume within the discharge by a
factor of one-half or more. Thus, the signal may have
been represented by changes in weak beam intensity on the
order of 1s.

The noise in the system was primarily caused by

vibrations of the mirrors on the variable length arm of the

_ interferometer. The average power of the mode locked laser
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pulses was monitored and did not fluctu:ite over the one
second averaging time used in the experirent, The lock-
in amplifier should have removed any noise due to fluctu-
ations in the gain of the discharge. However, a 30 Hz
component of noise can exist from the combination of the
weak beam and scattered light f£rom the chépped strong beam
on the detector.

The detector will sum and sguare the electric fields
of the two waves. 1If the weak beam contains noise, so will
the signal. As the weak beam passes through the long,
narrow discharge tube, it may be partially blocked if not
precisely aligned. This will occur if the mirrors on the
translation stage vibrate with an amplitude of '\'10_4
radians. The signal contains a 30 Hz component of noise
which may exceed the 1% intensity variations expected from
the gain measurement.

Future experiments could profit from a more stable
time delay track. The present apparatus could be modified
by installing shorter, more rigid, support shafts. 1In
addition, a larger bore investigation tube would be

preferable, as would a current regulated power supply.
5.3 The Sodium Salicylate Lifetime Measurement

In order to demonstrate the utility and generality of

this method of determining lifetimes in the 100 psec to

;2 nsec range, the technique was applied to the measurement

B A
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of the decay time of absorbed light in the ultraviolet
scintillator sodium salicylate (C7H503Na). 0f course,

the experiment should work ir absorption as well as in
gain. In the case of & transitioci from the ground state

of a molecule, as is the case, the lower state cannot

decay further and has no associated time constant. This
simplifies the analysis. Referring to Figure 5.2, the
upper and lower state populations will be equally perturbed
by the strong beam; the population is pumped from the lower
state to the upper state. The relaxations of these
populations should occur at the same rate. The perturbation
effects an increase in trans.:ission of the weak beam,

which is detected as before in the gain experiment.

A saturated soOiution of sodium salicylate in ethanol
was placed in a 1 cm long test cell with flat, parallel
windows. The cell was tilted to approximately Brewster's
angle to increase the absorption length and reduce losses
due to reflections from the windows. Because of the short
interaction length, the strong and weak beams could be
widely separated at the detector. A spacing of 1 cm was
readily attained using a path length of =50 cm.

Sodium salicylate in ethanol is an interesting
candidate for study as it has been considered for use as

amplifying medium in a tunable UV laser‘4. Unfortunately,

its absorption is small at the argon laser Qavelengths‘s.
_Observations showed that the absorption did not vary

significantly with laser wavelength and was <l% for the
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absorption length available. Therefore, the laser was ;~
operated at 5145 R, the most powerful mode locked line,
in order to effect the largest perturbation possible.

The interpretation of the weak beam signal requircs
some consideration. We must determine specifically the
effects of the perturbation, relaxations, and finite width
of the probe pulse. For this analysis, T represents the 1l/e
half-width of the Gaussian mode locked pulses, 1 ia thz time
interval between the pulses, R is the relaxation rate of the
upper state, and ty in Figure 5.2 is set egual to zero.

At gome time, tl' the perturbation of either population
dengity is

t 2 ,
n(t)) = n [ e (/T)7 RIE"4)) g¢, (5.8)

The decay will start as soon as the population perturbation
begins. The absorption will be proportional to this
perturbation. Since the unperturbed absorption is less than
1%, however, the exponential form derived in (5.6) can be

approximated, so that the absorption at t1 can be expressed
as

-(t/T)2 o-R(t-t,)

ty
a(tl) ] °o_£ e at, {(5.9)

where 2, is a proportionaiity constant. To obtain the change
in intensity of the weak beam au a function of time delay,

this expression must be integrated over the shape of the ?
probing pulse. The Gaussian profile of the weak pulse is %
displaced by t. Therefore, the signal will be

:m'_ N T R
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«© 2
S(T) = so I e’((tl‘T)/T)

t, _ 2 _ "
. fle (£/T) e R(t tl)

at dt, (5.10)
’

where S0 is another constant.

This function, which describes the response of the
ayétem at ail time delays, cannot be evaluated analytically.
buring the passage of the strong pulse, when ty is
comparable in magnitude to T, the decay term may be
neglected if the lifet’. = is long compared with the pulse
duration. The funct. - .s still transcendental, however,
as it involves the integral of the error function. 1In
Figure 5.3, the data obtained during the passage of the
strong pulse has been fit to a Gaussian form using a least
sguares fit analysis. As can be seen from the figure, this
fit is a good approximation, and corresponds to a Gaussian
having a half-width at half-maximum of 268 psec.

For t,>>T, the inner part of (5.10) can be integrated
using the method of completion of the square. This simplifies
the expression to

o 2
s(0) =5, | e {51/ o REy ge) (5.11)
where s1 is another constant of proportionality. This
expression can also be evaluated analytically by completion
of the sgquare. Thus, the expression for the experimental

slgnal at large time delays can be written as

§(1) = 5, e X7, (5.12)

.-
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}

The only effect the finite duration of the pulse has on the ;}
analysis of the data, then, is the length of time which must |
be allowed to pass before the signal corresponds to the
exponential decay process.

Figure 5.3 represents =15 successive scans of the '
translation stage of the interferometer. Appr;ximately
80 data points per scan were taken. The signals generated
by individual scans were quite noisy due to the weak perturb-
ation of the absorbing medium. Figure 5.3 was generated by
averaging the =1200 digital data points over 15 psec intervals
using a computer program,

The mode locked, cavity dumped laser was operated at
a discharge current of 21 A for these measurements. Referring
to Figure 4.9, the FWHM of the pulses is expected to be =180
psec. A least squares fit to a decaying exponential was
performed, commencing at ty *+ 450 psec. The analysis yielded
a decay time of 634:95 psec. Because of the complex nature
of the function near the strong pulse méximum, the fit was
approximated by hand in this region of the figure.

Berlman45 has computed the natural fluorescent lifetime

from the 1s1 state of sodiur salicylate in ethanol to be

25.6 nsec. It should be emphasized, however, that this UV

- scintillator is not a simple two level system. 1In the

present experiment, we observe a decay from whichever state

]
has been populated by the absorption of 5145 A light, not

the fluorescernce from the 1sl state. Therefore, it is not

R D & .
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surprising that the measured decay time differs from the

fluorescent lifetime. Different relaxation mechanisms are jl

operating.

The sodium salicylate solution tended to bleach due
to the intense optical radiatiaon.on:.time .scales of five to
thirty minutes. This limited both the intensity of the )
gtrong pulse and the number of absorption measurements.

Several runs, however, reproduced the characteristics of
Figure 5.3, demonstrating the reliability of the technique. :

The measurement of the relaxation time of a fast decay

process in sodium salicylate demonstrates the utility of

the method of lifetime determinations by time~dependent

gain or absorption measurements.
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APPENDIX I -~ Acousto-Optical Interactions

Diffractive light modulation by means of elastic

6,47

waves46 has proven to be useful in mode locking and

cavity dumpin930 operations. Theoretical descriptions of
the acousto-optical interaction using several different
approaches have been previously presented12-15’28'29’48.
In this appendix, however, Bragg diffraction is analyzed
using classical wave theory.
For these discussions, A, w, and k represent the

optical wavelength, fregquency, and wavevector; A, @, and
K are these same guantities for the acoustic wave. For

the preliminary analyses, the optiéallbeém is assumed to

have a rectangular profile of width 2w.
I.1 Acousto-Optical Mode Locking

Figure 1.1 illustrates mode locking of a CW laser
by active loss modulation. In this case, the optical and
acoustic waves are normal to each other. Uniform loss
across the width, 2w, of the light beam is ensured by the
use of an acoustic standing wave which has a very small
wavelength compared to the cross-sectional dimension of
the optical beam.

Light entering an elasto-optical grating described

by an index of refraction

ni(x,t) = ny + 2n;cos(fit)sin (Kx) (1.1)

70
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experiences a phase shift
A¢d = kngx sin¥ + 2kn;L cos(Qt)sin(Kx) (I.2)

where L is the interaction length and ¥ is the direction
of the emergent light. The angular distribution of the
diffracted light is expressible as
E(y) = eVt | o180 4 (1.3)
-w
where C is a constant to be determined later.

Making use of the :‘Lc'lent::'u:y'49

ipB

exp{iA sinB} = } JP(A) e (I.4)

pﬂ-ﬂ

the angular distribution can be rewritten as

E(Y) = 2¢ i® T J_[2kn,Lcos(nt)]
p=-= P
.{sin[(px+ksigg)w1}' (1.5)
pK+ksin¥

after integration. Normalization is based on the

requirement that |E(‘i‘=0)|-E0 when n;=0. Also, we use the

fact that
JO(O) =]
(1.6)
JP(O) = 0 for all p ¥ 0
and
sin (pKw) -
oK — W (1.7)

p0

Consequently, only the p=0 term in the series is non-

vanishing and the normalization requirement is
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E
0
C = —zw - (IOB)

Thus, the field can be written as

E(Y) = P.:oﬁ.'i""t ) Jp[2kn,Lcos(Qt)I

ps-w

,(8in[ (pK+ksin¥)w]
{ pK+ksinY ’ (1.9)

For w#0, the argument of the sine term in the above

equation is always finite when

v = sin” (B}, (1.10)
Therefore, the field diffracted into each order, p, is

jwt
= E . .
Ep 0 Jp[2kn1L cos(flt)] e (X.11)

and the intensity is

I = Ez

o ™ Eo Jé[an;L cos(ft)]. (1.12)

The optical loss is a periodic function of time for the
p=0 order. 1If the acoustic frequency, 2, can be synchron-
ized to the laser cavity resonance, thies mechanism can
be effective for loas modulated mode locking.

In reality, the optical beam will not have a rectang-

ular profile. For the TEM¢o mode the beam intensity has
a Gaussian form,

x)?
a

I(x) = Eg e’( (1.13)

_where a = 0.4 mm in a typical mode locked argon ion laser.
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The bore of the discharge tube effectively limits the

- ———
Sk anan

extent of the beam to a half-width of w = 0.8 mm, beyond '
which the field may be considered to be zero.
The Gaussian beam profile may be incorporated into ‘

(I.3) to obtain

. 2
w . x
E(Y) = ¢' elut / elad o- 3) dx. (1.14) "
-

This can be expanded to

iwt

w x2
E(Y) =C' e { [cos(a¢) exp(- -—2] dx
2a

-w
Y in(4¢) ( x2) dax }

+ i/8in(4¢) exp(- —,)

- 2a2j (1.15)

P PV

which yields

w xz 2
I(Y) = co{{ [ cos(s¢) exp(- —=,) ax}
-w 2a

v x2 2
+ { [ sin(8¢) exp(- =) ax}“} (1.16)
-w 2a

for the intensity distribution. This expression has been
numerically integrated using a computer program.containing
parameters pertinent to the mode locker used in these
studies.

The diffraction pattern is plotted for angles of up
to 3.5 milliradians in Figure I.2. The upper figure is
for the case of minimum diffraction, that is Qt=n/2. The
lower plot shows the case for Qt=0, or maximum diffraction. i

The ordinate in both cades is calibrated in the same

' intensity units.
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Figure 1.3 is a plot of the central diffraction
peak from -0.35 to 0.35 miliiradians as a function of
time. The seven curves show the transmitted intensity
for Qt=0 to /2 in increments of w/12 (bottom to top).
At maximum loss, the transmitted beam has only 57% of
fhe intensity of an undiffracted beam. This agrees with
the analysis of the rectangular beawr nrrofile, which

predicts 58% transmission.
I.2 Acousto-Optical Cavity Dumping

In the case of cavity dumping, light polarized with
the electric field in the y-direction propagates as shown
in Figure I.4. A traveling acoustic wave causes the index

of refraction to vary as
n(x,t) = no + nisin(XKx=-0t). (I.17)

The electric field may be written as

. +> &
E=F(x,z,t) eliut ei“°k r

where F(x,z,t) varies slowly compared to elut

The periodicity in the index of refraction manifests
itself as a pariodic structure in F(x,z,t). In fact,
F(x,z,t) can be written as a Fourier series

F(x,z,t) = J £ _(2) eiP (Kx=0t) (1.19)
p=-= P

'Thus,
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> =+ o .
E = eiwt einok*r 2 £ (z) eip-‘}(x-nt). {X.20)
pr-= P

For the case illustrated in Figure I.4
»> > ' -
ker = kz cos® + kx sin@. (1.21)

The expression for the electric field can be inserted

into the wave equation

2 - n(x:t) 2 BQE
ViE = { Y 3T (1.22)

which, in this case, reduces to

’E , ’E _ (n(x,t);2 3’E
ox* 7 327 c T L (1.23)

Differentiation yields

°E iwt T 2
= -e k iné+pK £
%7 -Zl nesind+pkK] P
& -
sednoker ip(Kx-Qit) . (1.24)
%15 = ei”t i[f'+21knof'coae- kzn%t coszel
z -w P P ) 3
& =
2 At «® .'0
%EE - -el¥* 2!w+p£]2fp ein°ﬁ r (1.26)
'e Of - by -6
where fp= 32P* Neale:ting term: otf orde: PR and

n% ~ 10"10, introduction of the al.ove derivatives into the

" wave squation gives
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o A e wam

v . 2 2 2.2
{(fr=2 kf'-k f -2 Kf 6~ t
1 p-2inekE -k nyf ~2pnokKE siné-pK fp} ;

i .eiNoE'; eiwt

-0

> -+ .
.einok°r ezmt' (1.27)

Noting that for 8<<1l (cos@=1l) a recurrence relationship

is obtained, where

. 2.2
"- f'-12 kK 0+
fp 2ikng p [2pnokKeinb+p K ]fP

2
= ingmk [fp-l-fp"'l] (1.28)
Since k 105, the first term is negligible;
e olik(s g qm LIRTEP42DN0KKEINO) . (1 g0
P } p-1 “p+l 2kng p'

It is convenient to define the following parameters:

| v = NikL
X 2
I e K—I:
| Q ok (1.30)
| a= - 3%5 sind
‘ to obtain
v - i - :
£ 4 g (£, )f ) = -f% (p-2a) . (1.31)

{ The appropriate boundary condition is that at z=0 the light

is not yet deflected and is, tcherefore, in the p=0 order;

fo(O) = Eg

i | £,(0) = 0 for all p # 0. (1.32)
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For light to be diffracted into order p, it must be in
phase with the p=0 order light. Thus, the coefficient

of the right-hand side of (I.31) must be zero. This

condition is satisfied when

ging = - 5%%; ) (1.33)

Also, only those orders differing by p=:1 may be directly
coupled. If the angle of incidence is constrained such
that a=k (the Bragg angle), then we are concerned only
with light in the p#0 and p=1 orders. Using these

conditions, the recurrence relationship becomes

v
fb - 3T fl 0
v =

sae solutions to these equations are
vz
£, = -E, cos(z7)
- vz
£, E, sin(xf). (1.35)
Thue, the intensities at z=lL are
I, = E 2
0 cos” (v/2)

11 = E

oNn oW

8in? (v/2). (1.36)

For vsn, all light will be deflected into the p=1l

order. For the case of the cavity dumper used the acoustic

- power coupled into the fused quartz medium is sufficiert

to alter the index of refraction such that v 24. Hence,
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by judicious choice of operating parameters, acousto- k

optical deflection by means of a traveling wave can be

used in cavity dumping.




APPENDIX II - The Laser Sciences Model 254 Laser

This appendix describes the design, operation, and
maintenance of the Laser Sciences Model 254 arygon ion
laser and power supply used to generate the mode locked
bulses. This prototype unit (serial number 001l) was
designed by the manufacturer to output 4 W CW on all lines
in the blue-green part of the argon ion laser spectrum.
Many modifications to the system were necessary, however,

for safe and reliable operation of the laser. .
I1.1l Design

The plasma tube and header assembly are made of bonded
BeO sections. The bore is 2k mm in diameter, with four
smaller diameter return paths bored through the plasma

tube wallso.

BeO is chosen for noble gas ion discharge
tubes because of its high heat conductivity and structural
strength. The tube is immersed in filtered tap water,
flowing at 1k gals/min, which dissipates the 5-10 Kw
of heat generated under typical operating conditions. A
solenoid, developing a field of =1000 gauss, is also
cooled.

The header contains a Philips Elmet PM-20 barium
impregnated tungsten cathode; it may be reactivated after

exposure to air when cold. The header also contained two

barium getters. One, however, was fired by Laser Sciences
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when the tube was originally sealed off. The second
getter was fired after 500 hours of use. As no reservoir
of argon was provided, the discharge tube was connected

to a vacuum system to facilitate refilling.

The power supply requires 208 Vv, 3-¢ input and
éontains a regulated discharge current supply which main-
tains the current level over input voltage variations of
$10%. The buck-koost transformer, Tl in the main chassis
circuit diagram (Figqure II.l), permits variation of the
input voltage to the supply to compensate for varying
line voltages and electrical loads (the effective load
impedance changes with argon pressure).

Regulation is provided by 18 pairs of 2N3773 or
2N6259 (preferred) transistors in pérallel (1,2, A-R)
in the pass stage. A voltage, developed across a 1/12 @
resistance (Rl, A-F) in series with the iaser is fed to
A4 on the Current Control Card (PC2). A4 drives the bases

£ the requlating transistors through Q3-Q6. A reference
voltage for A4 ie derived on the Photo-Control Card (PCl).
With 83 in the current feedback position (I), a constant
voltage, supplied by zener diode CRl, provides a reference
level for current regulation. When $3 is in the 1ight
feedback position (¢), the reference signal is generated
by the photodiodae, ES-71.

The solenoid supply is unregulated, delivering 2.75 A
to the 100 § coil. The 1000 gauss magnetic field produced

confines the electrons to the center of the bore. The

4
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30 A (AC) filament current is supplied by T2. This |
supply is turned on first. All other supplies are delayed :
by 30 seconds by the Artisan Time Capsule to allow the
cathode to reach operating temperature before initiation

of the discharge.

The Start Circuit (PC3) provides a >5000 V pulse of
1l ysec duration to the anode supply through T4. 1In
addition, a Mid-Range Supply, also on PC3, raises the
DC supply to 600 V. This maintains the discharge immediate-
ly after the start pulse is fired. With the "start" switch
in the "auto" position, pulses are generated at =3 Hz.

The Crowbar Circuit was designed to protect the pass
transistors from high voltages. When the pass voltage
(TB2-8) reaches 135 V, CR-1 fires and shorts out both the
pass stage and laser tube. The 30 A fuse, Fl, blows.

Fl and F2 were intended to provide protection for the
discharge tube against large currents.

This proved to be an inadequate safeguard. A failure
of the current regulation circuitry could drive dangerously
high currents through the tube before the fuses had enough
time to blow. Such a failure 4id occur, with discharge
currents exceeding S0 A. The thermal shock cracked the
BeO tube at a joint and destroyed tube number 002.

To prevent reoccurrences of this type, the Laser

Protecitive Network, diagrammed in Figure 1I.2, was con-

[

~structed. The anode current is passed through the heavy
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windings of the primary of relay K5, Currenés of more
than 35 A close the relay, shutting off the power supply,
A faster mechanism, though not as reliable due to its
many electronic components, is provided b§ the comparators,
Al-3. These sense the current passing through Rl in the
main chassis. Al and A2 fire the Crowbar Circuit should
the current exceed 30k A or an adjustable lower amount.
This mechanism actuates within microseconds. A3 also
senses the current and turns off the input power should
the level exceed 30k A, In addition, thercircuit breaker,
CB-1, was replaced by a model having a magnetic rather
than a thermal tripping mechanism.

An interlock shuts off the power when:the water flow
is insufficient. The flow switch, in series with the 10

micron water filter, should be set at 1.5 gals/min.

I11.2 Operation

This section outlines the normal operating procedures
to be followed when using the 254 laser. The controls

specified, on the main chassis front panél, are shown in

Pigure II.3.

In order to turn the laser on:

1. It is essential that the Nupro valve connecting
the discharge tube to the vacuum system and external

getter bottle is closed. Otherwise, argon will expand as

th- cathode is heated, reducing the effective pressure

.
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within the tube. Initiating the arc discharge becomes
increasingly difficult as the pressure is lowered. 1In : .
addition, when the discharge does start, the extreme
heat drives the argon from the tube. The.rapid variation ‘ '
in load impedance may cause the supply to operate outside
the regulating regime.
2. Turn on the cooling water. This is passed through
a 10 micron filter which frequently requires replacement
when the local water supply is particularly dirty. A
pressurized ballast tank reduces momentary pressure drops
which would affect th - water flow interlock. The pressure
regulator should be adjusted for 20 pounds/inz. This
maintains the necessary 1.5 gals/min flow. Extremely
high pressures may damage the BeO tube.
3. Turn on the circuit breaker, the "power" switch,
and the momentary "engage" toggle switch. The protective
network relays are initialized and power is sent to the
main power supply. The "on" indicator should light
immediately, and the "start" lamp should go on in 30
seconds.
4. The feedback switch should be in the "current"
pogition, if the external photodiode has not been previously
aligned. The current feedback mode has fewer components

than does the light feedback mode and is inhaerently more
reliable.

S. For a filling pressure of 0.y torr, the discharge
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current will be maintained at 20 A (in the current feed-
back mode) when the "output" potentiometer is set at =4.0.

6. The "start"™ switch may be moved from the neutral
position to either the "manual®™ or "auto" position. 1In
"auto", start pulses are repetitively sent down the tube
at =2 Hz.

7. The regulating mechanism works best when the
voltage across the bank of pass transistors is in the
20-60 V range. An external "pass voltage" meter has been
installed in a small chassis. Alternatively, the "meter"
momentary push button will transfer the pass voltage to
the main chassis meter, with full scale being 135 V.

€. This meter normally measures the discharge current,
calibrated for 30 A full scale. In the current feedback
mode, the current may be varied using the “output”™ potent-
iometer. 1In the light feedback mode, the "level set”
control will also affect the current level.

9. It is necessary to change the voltages derived
from T1 to accommodate different £illing pressures while
maintaining the required voltage drop across the pass
stage. The supply will not regulate at lower pass stage

voltages, and high voltages will fire the Crowbar Circuit.

To turn off the laser, shut off the "power” switch
and .n¢n T“he circuit breaker. When the output water hose

fee ... -L0l, the water may be turned off.
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I1.3 Maintenance

The Laser Sciences Model 254 differs from othex
common argon ion lasers only in its gas refill procedure.
Otherwise, the same routine maintenance operations, such
as cleaning the internal optical surfaces and replacing
water filters as necessary, are required for this uni-..

It should be noted that neither the anode nor the cathode
of the laser is at ground potential. Thus, several exposed
parts of the laser are electrically "hot", including the
Nupro valve between the tube and the ballast bottle.

This bottle houses a reusable barium getter which is
used to clean the argon. The gas becomes contaminated
during use with anode and cathode materials and will not
break down under these conditions. For at least an hour
prior to use, the Nupro valve should be opened to allow
the gas within the tube to diffuse into the ballast
bottle and be replaced with clean gas.

Refills of clean argon are generaily necessary after
30 hours c¢f use. With all power sapplies off, the tube
should be evacuated to <].0"7 torr. The system is then
filled with the desired pressure of argon. Low filling
pressures yield higher output powers, but require larger
starting pulses than do higher filling pressures. Filling
Pressures of 0.7 to 1.1 torr are usually appropriate. The
output power will increase substantially during the first

half hour of use ag some of the argon is pumped int.0 the

aa
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tube walls.
The following is a list of problems which have

frequently occurred, and their probable causes:

l. Fan does not turn on. Check the water flow.

2. "Start" lamp fails to light. Check the time delay
capsule. Also, ascertain that the quick-connect start
switch leads are in place.

3. Discharge does not start. Check F1 and F2 for
continuity (out of the circuit). Using a dentist's mirror
to block the optical path, look for the bright flash of the
start pulse down the tube bore with the start switch in the
"auto” position. If a start pulse is observed, yet the
discharge does not start, there are several possibilities.

Defective operational amplifiers A3 and A4 (and Al
and A2 if light feedback is used) can shut down the supply
before the arc discharge is formed.

The laser requires a refill of fresh gas.

The start pulses are not sufficient to break down the
gas. They should be at least 5000 V with a duration of
x) usec. Use a high voltage probe on an oscilloscope
isolated from ground to check this.

The mid-range supply is faulty. Check this with the
start switch in the neutral position. The voltage should
rise to £300 V after the "engage" switch is thrown, and

jump to *500 V when the start light comes on.
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4. Fuse Fl is blown. The pass voltage is probably
too high. Change the input leads to the supply from
Tl for lower voltage.

5. The supply does not regulate. There was a
common tendency for the current to oscillate at =40KHz
with an amplitude of almost 10% of the DC value. The
problem was traced to the inability of A4 to supply
enough current to drive Q3-5. Q6 was installed to amplify
this signal.

Figure 1I.4 is the load characteristics of the laser
tube. This is useful when using a dummy load to trouble-~

shoot the supply.




9s %
224 - 1
222 4 * l
. <
220 4 s @ ,
4
& 218 .
8
s . 4
{:,: 216 4 !
(]
3 1
> 214 -+ °
& )
m
a )
212 4 .
[ ]
210 - .
4 r
208 — + 4 +— + —+
12 15 18 21 24 27 30

DISCHARGE CURRENT (AMPERES)

FIGURE II.4 - VOLTAGE/CURRENT RELATIONSHIP FOR THE

LASER SCIENCES MODEL 254 DISCHARGE TUBE

(ARGON PRESSURE = 1.0 TORR)




REFERENCES %

lw. R. Bennett, Jr., P. J. Kindlmann, and G. N. Mercer,
"Measurement of excited state relaxation rates," Appl.
opt. Suppl. 2, 34 (1965)..

1
2w. R. Bennett, Jr, and P. J. Kindlmann, "Radiative and .
collision-induced relaxation of atomic states in the 2p°3p
configuration of neon," Phys. Rev. 149, 38 (1966).

3A. J. DeMaria, W. H. Glenn, Jr., M. J. Briezna, and '
M.E. Mack, "Picosecond laser pulses," Proc. IEEE, 57,

2 (1969)..

4

P. W, Smith, "Mode-locking of laser," Proc. IEEE, 58,
1342 (1970).

5D. von der Linde, "Mode-locked lasers and ultrashort light
pulses, " Appl. Phys. 2, 281 (1973),.

GA. J. DeMaria and D. A. Stetser, "Laser pulse-shaping and
mode-locking with acoustic waves," Appl. Phys, Lett., 7,
71 (1965).

7w, R. Bennett, Jr., D. B. Carlin, and G. J. Collins,
"pPicosecond time-interval measurements and intensity
correlations using the two-quantum photoelectic effect,”
IEEE J. Quantum Electronics, QE-10, 97 (1974)..

8D. B. Carlin and W. R. Bennett, Jr., "Mode-locked, cavity-
dumped laser design considerations,” Appl. Opt., 15, 2020
(1976) .

9H. Statz, F. A. Horrigan, S. H. Koozekanani, C. L., Tang,

and G. F. Koster, "Transition probabilities for some Ar II

lager lines,” J. Appl. Phys., 36, 2278 (1965).

G. F. Koster, H. Statz, F. A. Horrigan, and C. L. Tang, 39,

4045 (1968). .
10&. J. DeMaria, D. A. Stetser, and H. Heynau, "Self-mode- :
locking of laser with saturable absorber,” Appl. Phys. Lett.,

8, 174 (1966).

118. W. Mocker and R. J. Collins, "Mode competition and

self-locking effects in a Q-switched ruby laser," Appl.
Phys. Lett., 7, 270 (1965).

12¢. y. Raman and N. 5. N. Nath,"The diffraction of light
by high frequency sound waves: parts III, Iv, and Vv,
proc. Ind. Acad. Sci., pp. 75, 119, 459 (1936).




97

133. D. Cook and E. A. Hiedemann, "Diffraction of light
by ultrasonic waves of various standing wave ratios,"
J. Acoust. Soc. Am., 33, 945 (1948).

14C. F. Quate, C. D. Wilkinson, and D. K. Winslow,
"Interaction of light and micr-owave sound," Proc. IEEE,
53, 1604 (1965).

lsw. R. Klein and B. D. Cook, "Unified approach to ultra-
sonic light diffraction," IEEE Trans. Sonics and Ultra-
Sonics, SU-14, 123 (1967).

165. I. Green, "50 picosecond detector laser pulse monitor,"
Rev. Sci. Instrum., 47, 1083 (1976).
17

M. Maier, W. Kaiser, and J. A, Giordmaine, "Intense light
bursts in the stimulated Raman effect," Phys. Rev. Llett.,
17, 1275 (1966).

leJ. A. Armstrong, "Measurement of picosecond laser pulse
widths," Appl. Phys, Lett., 10, 16, (1967).

19H. P. Weber, "Generation and measurement of ultrashort
light pulses,” J. Appl. Phys., 39, 6041 (1968).

ZOA. Dienes, E. P. Ippen, and C. V. Shank, "A mode locked
CW dye laser,” Appi. Phys. Lett., 19, 258 (1971).

213. P. Ippen, C. V Shank, and A. Dienes, "Passive mode
locking of a CW dye laser," Appl. Phys. Lett., 21, 348
(1972). .

22J. A. Giordmaine, P. M. Rentzepis, 5. L. Shapiro, and
K. W. Wech, "Two photon excitation of fluorescence by pico-
second light pulses,” Appl. Phys. Lett., 11, 216 (1967).

233. P. Weber and H. G. Danielmeyer, "Multimode effects in
intensity correlation measurements,” Phys. Rev. A, 2, 2074
(1970).

2‘8. J. Glauber, "Optical coherence and photon statistics,”
In Quantum Optics and Electronics. New York: Gordon and

zsw. R. Bennett, Jr., The Physics of Gas Lasers, Documents
on Modern Physics. New York: Gordon and Breach, 1977,
pp. 21-34, 62-830

26

R. C. Sze, Ph.D. Thesis, Yale University, 1970

{unpublished).




o
A e e o o s
"

98

2-’R. C. Sze and W. R. Bennett, Jr., "Spontaneous—-emission
profiles of argon-ion laser transitions,” Phys. Rev. A, 5,
837 (1972).

ZBE. I. Gordon, "A review of acoustooptical deflection and
modulation devices," Proc. IEEE, 54, 1391 (1966).

29D. Maydan, "Acoustooptical pulse modulators," IEEE J.
Quantum Electronics, QE-6, 15 (1970).

3OD. Maydan, "Fast modulator for the extraction of internal
laser power," J. Appl. Phys., 41, 1552 (1970).

310. Maydan and R. B. Chesler, "Q-switching and cavity
dumping of Nd:YAlG lasers,"” J. Appl. Phys., 42, 1031
(1971).

32R. H. Johnson, "Characteristics of acoustooptic cavity
dumping in a mode~locked laser," IEEE J. Quantum Electronics,
QE~9, 255 (1973).

33A. G. Fox and T. Li, "Resonant modes in a maser inter-
ferometer," Bell Syst, Tech. J., 40, 453 (1961).

343. Kogelnik and Li, ®"lLaser beams and resonators," Proc.
IEEE, 54, 1312 (1966).

35R. J. Harrach, appl. Phys Lett., 14, 148 (1969).

36W. R. Bennett, Jr., "Inversion mechanisms in gas lasers,"”
Appl. Opt. Suppl. 2, 3 (1965).

37R. Arrathoon and D. A. Sealer, "Collisional and radiative
relaxation of selected states in neon I and argon II,"
Phys. Rev. A, 4, 815 (1971).

38W. R. Bennett, Jr., P. J. Kindlmann, G. N. Mercer, and

J. Sunderland, "Relaxation rates of the Ar laser levels,"
Appl. Phys. Lett., 5, 158 (1964).

39w. R. Bennett, Jr., and@ R. C. Sze, "CW gain measurement
in small-bore argon-ion laser discharges using a novel
modulation technique,” IEEE J. Quantum Electronics, QE-10,
908 (1974).

‘°w. R. Bennett, Jr., G. N. Mercer, P. J. Kindlmann,

B. Wexler, and H. Hyman, "Direct electron excitation cross
sections pertinent to the argon ion laser," Phys. Rev.
Lett., 17, 987 (1966).

n RVGPSPPR




et 7 et A s

e s s e o ——— e A e— e
'

MQ“[ VMR MR NI e ra e s g e

A

99 l

418. van der Sijde, J. W. H. Dielis;, and W. P. M. Graef,
"Experimental natural lifetime determination of the Ar(iI)

lower laser levels," J. Quant. Spectrosc. Radiat. Transfer,
16, 1011 (1976).

42?. A. Korolyev, V. V., Lebedeva, A. E. Novik, and

A. 1. Odintsov, "Experimental determination of radiation
lifetimes for Ar II and Kr II resonance levels," Opt.
Spectrosc., 33, 435 (1972).

43P. Zory, "Single-frequency operation of argon ion lasers," '

IEEE J. Quantum Electronics, QE~3, 390 (1967).

44J. A. Myer, I. Itzkan, and E. Kierstead, "Dye lasers in
the ultraviolet,” Nature, 225, 544 (1970).

451. B. Berlman, Handbook of Fluorescence Spectra of
Aromatic Molecules. New York: Academic Press, 1971, pp. 166.
468. K. Sittig, "Elastooptic light modulation and deflect-
ion," in Progress in Optics, vol. X, E. Wolf, ed. New York:
American Elsevier, 1972, pp.231-290.

47L. E. Hargrove, R. L. Fork, and M. A. Pollack, "Locking
of He-Ne laser modes induced by synchronous intracavity
modulation," Appl. Phys. Lett., 5, 4 (1964).

48y. Born and E. Wolf, Principles of Optics. New York:
MacMillan, 1964, second edition, pp. 593-610.

49N. W. McLachlan, Bessel Function for Engineers. London:
Oxford Univ. Press, 1961, pp.56.

SOB. L. Wexler, "Reliable starting technique for an ion
laser tube with internal gas return bores,” Rev. Sci. Inst.,
43, 1853 (1972).




